In recent years, numerous food-poisoning outbreaks involving various pathogens, along with increasing concern about the preservation of minimally processed foods, have spurred a growing awareness in the importance of food safety. This has prompted new approaches for inhibiting food-borne pathogens and for prolonging the shelf life of food products. In particular, there has been increasing interest in the antimicrobial activity of lactic acid bacteria (LAB). LAB have been used for centuries in the fermentation of foods, not only for flavor and texture development but also because of their ability to produce antimicrobial compounds which prevent the growth of spoilage and pathogenic microorganisms (9) .
Some of these antimicrobial compounds, bacteriocins, are defined as proteinaceous compounds which kill closely related bacteria. In particular, the lantibiotics have attracted much attention in the last decade because of the success of the well-characterized lantibiotic nisin as a food preservative (3) . Indeed, the commercial exploitation of bacteriocins to date has been restricted mainly to the food applications of nisin, the prototype LAB bacteriocin first discovered in 1928 by Rogers (51) . Numerous lantibiotics have been identified and extensively characterized, resulting in increased understanding at both the structural and mechanistic levels (24, 32, 39, 53) . So far, streptococcal lantibiotics have been isolated mainly from oral streptococci. These bacteria are commonly found in the oral cavities and upper respiratory tracts of humans and animals, although they may be isolated from almost any type of clinical specimen as well (18) . Some examples include salivaricin A produced by Streptococcus salivarius (52) , mutacin MT6223 produced by Streptococcus sobrinus (31) , mutacin BNy266 (37) , mutacin 1140 (19) , mutacin I (48), mutacin II (40) , and mutacin III (47) produced by Streptococcus mutans, and, finally, streptococcins SA-FF22 (20, 22, 23, 57, 58, 59 ) and SA-M49 (21) produced by Streptococcus pyogenes. Because the lantibiotic-producing oral streptococci cross the border of pathogenicity, it is obvious that there is no chance that these organisms can be used in food applications.
Although several problems concerning bacteriocin production in food environments still need to be addressed, the use of bacteriocin-producing cultures in food has considerable advantages over the use of purified bacteriocin preparations (7) . Recently, some lactic streptococci isolated from Greek Kasseri cheese were assigned to a newly described Streptococcus species designated Streptococcus macedonicus (60) . Several S. macedonicus strains were found to display antimicrobial activity against Clostridium tyrobutyricum (16) . The spores from anaerobic, spore-forming, butyric acid bacteria, such as C. tyrobutyricum and Clostridium butyricum, appear quite frequently in milk. These bacteria convert lactic acid into butyric acid, which causes off-flavors in cheese. Furthermore, the carbon dioxide and hydrogen gas produced are responsible for the so-called late blowing, which is a serious defect, especially in hard and semihard cheeses, like Kasseri, Emmental, Gruyère, Grana, Edam, and Gouda, in which Clostridium growth is favored by the rather high pH of the cheeses (55, 62) .
In this context, the possibility of using a food-grade microorganism such as S. macedonicus as a culture that provides protection against clostridia in cheese was challenging. The aims of the present work were to describe the structure and the yeast extract (0.3%, wt/vol). Briefly, the caseins were removed by adjusting the pH of the milk to 4.0 with lactic acid (90%) at 55°C, followed by centrifugation (20,000 ϫ g, 30 min, 4°C). After salting out with ammonium sulfate (50% saturation), the whey proteins were collected by centrifugation (20,000 ϫ g, 30 min, 4°C) and dissolved in sodium phosphate buffer (pH 6.5). Finally, the whey fraction was subjected to isopropanol extraction, the sediment was dissolved in ultrapure water, and 2 ml was added to the control culture.
Effects of growth media on bacteriocin production. The effects of different growth media, listed in Table 2 , on both the growth and the bacteriocin production of S. macedonicus ACA-DC 198 were tested. Subculturing and final growth were performed in the appropriate media at 37°C. Bacteriocin activity in the cell-free culture supernatant was determined at the end of the log phase by using the soft agar assay as described above with L. sakei subsp. sakei LMG 13558
T as the indicator strain. To determine cell-associated bacteriocin activity, the pHdependent methods described by Tagg and Wannamaker (59) and Yang et al. (63) were used during growth of S. macedonicus ACA-DC 198 in MRS broth.
During growth in skim milk supplemented with yeast extract (0.3%, wt/vol), bacteriocin production in the cell-free culture supernatant was determined at various times (3, 6, 9, 12 , and 24 h) by using the well diffusion assay described above with L. lactis subsp. lactis LMG 6890
T as the indicator strain. Purification of the bacteriocin. All the purification steps were performed at room temperature by using a fast protein liquid chromatography system (Waters 650E advanced protein purification system). All of the columns used were purchased from Amersham-Pharmacia (Uppsala, Sweden).
Skim milk (500 ml) supplemented with yeast extract (0.3%, wt/vol) was inoculated with S. macedonicus ACA-DC 198 (inoculum, 1% [vol/vol] ) and incubated at 37°C for 24 h. The cells were removed by centrifugation at 15,000 ϫ g and 4°C for 30 min. The pH of the supernatant was adjusted to 6.5 with 5 N NaOH, and the supernatant was saturated up to 50% with ammonium sulfate. After overnight stirring at 4°C, the bacteriocin was pelleted by centrifugation at 15,000 ϫ g and 4°C for 30 min and dissolved in 20 mM Tris buffer (pH 7.5).
The sample was then applied to a Resource Q column (inside diameter, 16 mm; length, 30 mm) equilibrated with 20 mM Tris-HCl buffer (pH 7.5). Elution was performed at a flow rate of 2 ml/min with a linear 0 to 1.0 M NaCl gradient in the same buffer. The nonretained, bacteriocin-containing fraction was properly diluted in 20 mM phosphate buffer (pH 5.5) and applied to a Resource S column (inside diameter, 16 mm; length, 30 mm) equilibrated with the same buffer. Elution was performed at a flow rate of 2 ml/min with a linear 0 to 1.5 M NaCl gradient in the same buffer. The bacteriocin-containing fractions were pooled, properly diluted in double-distilled water containing 0.1% (vol/vol) trifluoroacetic acid, and applied to a Resource RPC column (inside diameter, 6.4 mm; length, 100 mm) equilibrated with the same solvent. Elution was performed at a flow rate of 2 ml/min with a linear 0 to 100% acetonitrile gradient containing 0.1% (vol/vol) trifluoroacetic acid. The bacteriocin-containing fractions were pooled, lyophilized, and dissolved in 20 mM phosphate buffer (pH 6.0) containing 0.25 M NaCl. The sample was then filtered on a Superdex peptide HR 10/30 column equilibrated with the same buffer. Elution was performed at a flow rate of 0.5 ml/min. The bacteriocin-containing fractions were pooled and used for characterization of the bacteriocin.
PAGE. Two electrophoretic systems were used to control the purification steps and to determine the molecular weight of the bacteriocin. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (10% acrylamide separating gel) was performed by the method of Laemmli (28) . Myosin (molecular weight, 205,000), ␤-galactosidase (116,000), phosphorylase b (97,400), bovine serum albumin (66,000), egg albumin (45,000), and carbonic anhydrase (29,000) were used as marker proteins (Sigma, Steinheim, Germany). Discontinuous Tricine-SDS-PAGE (with 4, 10, and 20% acrylamide used for the stacking, spacer, and separating gels, respectively) was performed by the procedure of Schägger and Von Jagow (54) . Cytochrome c (molecular weight, 12,500), aprotinin (6,500), and substance P (1,348) were used as marker proteins (Sigma).
The latter procedure was used for postelectrophoretic detection of bacteriocin activity, and it was performed as described by De Vuyst et al. (10) . The gel assayed for antimicrobial activity was overlaid with soft MRS agar, inoculated with the indicator strain L. sakei subsp. sakei LMG 13558 T (inoculum, 4% [vol/vol]), incubated at 30°C for 24 h, and observed for the formation of inhibition zones.
Protein concentration determination. Protein concentrations were determined by the method of Lowry et al. (30) by using bovine serum albumin as the standard.
Effect of pH on bacteriocin activity. Purified bacteriocin (pH 6.0; 50 l) was mixed with 100 l of buffer (50 mM acetate, pH 4.0 or 5.0; 50 mM potassium phosphate, pH 6.0 or 7.0; or 50 mM Tris-HCl, pH 8.0 or 9.0) and incubated for 4 and 24 h and for 1 week at 30°C. The bacteriocin activity was then determined by using the well diffusion assay with L. lactis subsp. lactis LMG 6890 T as described above.
Effect of temperature on bacteriocin activity. Purified bacteriocin (pH 6.0) was heated for 1 h at 97°C (with a heat block) and for 5, 10, and 20 min at 121°C with 1 atm of overpressure (with an autoclave). The bacteriocin activity was then determined as described above. Furthermore, purified bacteriocin was stored for 4 weeks at Ϫ70, Ϫ20, 4, and 30°C. The bacteriocin activity was determined at 1-week intervals by using the well diffusion assay with L. lactis subsp. lactis LMG 6890 T as described above. Effects of enzymes on bacteriocin activity. Purified bacteriocin was incubated at 30°C for 1, 4, and 24 h in the presence of ficin and trypsin (0.05 M sodium phosphate buffer, pH 7.0); ␣-chymotrypsin, protease, and proteinase K (0.05 M sodium phosphate buffer, pH 7.5); renin (0.05 M sodium phosphate buffer, pH 6.0); and pepsin (0.2 M citric acid buffer, pH 2.0). All enzymes were used at a final concentration of 2 mg/ml and were obtained from Sigma. Purified bacteriocin in buffer without enzyme, enzyme-buffer solutions, and buffers alone were used as controls. The bacteriocin activity was determined by using the well diffusion assay with L. lactis subsp. lactis LMG 6890 T as described above. N-terminal amino acid sequencing. A purified sample of the bacteriocin was applied to a 476 A protein sequencer (Applied Biosystems, Foster City, Calif.). Homology searches were carried out with the National Center for Biotechnology Information and Swiss-Prot protein databases (BLAST search [1] ).
MS. Mass spectra were recorded with a Q-TOF mass spectrometer (Micromass, Manchester, United Kingdom) equipped with a nanoelectrospray source. Three microliters of a high-performance liquid chromatography fraction was mixed with a similar amount of 50% acetonitrile-0.1% formic acid in water, and this mixture was loaded onto a nanospray capillary (Protana, Odense, Denmark). Generally, 1,250 V was applied to the spraying capillary, which was gently broken to initiate the spray formation. Argon was used as the collisional induced dissociation gas for mass spectrometry (MS)-MS experiments at a pressure of 10 5 Pa. The collision energy was set at 40 V.
RESULTS
Effects of growth media on bacteriocin production. The composition of the growth medium was critical for bacteriocin production by S. macedonicus ACA-DC 198. Indeed, S. macedonicus ACA-DC 198 grew well in all media tested. However, bacteriocin activity was detected only when the strain was grown in skim milk supplemented with nitrogen sources such as yeast extract, tryptone, lactalbumin hydrolysate, Casamino Acids, and casein hydrolysate at a concentration of 0.3% (wt/ vol) ( Table 2 ). Increasing the concentration of tryptone or lactalbumin hydrolysate to 1.5% (wt/vol) did not influence the bacteriocin production, while a slight increase in production was observed with 1.5% (wt/vol) yeast extract. On the other hand, increasing the concentration of Casamino Acids or casein hydrolysate inhibited bacteriocin production by S. macedonicus ACA-DC 198.
Occasionally, activity was detected when growth took place in MRS broth. Moreover, no cell-associated bacteriocin activity was observed after pH-dependent extraction methods were used. Also, heating of the cell suspension to promote desorption of cell-associated material did not result in any inhibitory activity. Finally, no bacteriocin production was observed in the other growth media tested.
Bacteriocin production in skim milk supplemented with yeast extract (0.3%, wt/vol) started in the early exponential growth phase, reached a maximum in the early stationary phase, and then remained constant, reflecting primary metabolite kinetics (Fig. 1) .
Spectrum of inhibition of the bacteriocin. Macedocin exhibited a broad spectrum of inhibition (Table 1) . When the cellfree culture supernatant of S. macedonicus ACA-DC 198 was tested against the 84 indicator strains used, 41 of them were found to be sensitive. The activity spectrum included several LAB, as well as gram-positive spoilage and pathogenic bacteria, such as Bacillus subtilis and C. tyrobutyricum. Apart from 
Enterococcus casseliflavus LMG 10745
T and Enterococcus faecium LMG 11423 T , none of the enterococcal strains tested was affected. This was also the case with the Listeria monocytogenes, Listeria innocua, and Listeria ivanovii strains used.
When the S. macedonicus ACA-DC 198 cell-free culture supernatant was concentrated by ammonium sulfate precipitation and then tested against the same set of indicator strains, more strains (64) were found to be sensitive. Moreover, with 5%, wt/vol) ............................................................................................................... T showed the same sensitivity (120 and 160 AU/ml, respectively). All values represent the averages of two experiments.
Mode of inhibition. Exposure of the indicator strain L. sakei subsp. sakei LMG 13558
T to partially purified bacteriocin at a concentration of 400 AU/ml resulted in a small reduction in the viable cell count (from 1.9 ϫ 10 8 to 5.5 ϫ 10 7 CFU/ml) after 5 h of incubation at 30°C (Fig. 2) . Increasing the bacteriocin activity (to 800 AU/ml) did not result in a greater reduction in the indicator cell count. The initial population, 2.3 ϫ 10 8 CFU/ml (OD 600 , 0.71), was reduced to 1.3 ϫ 10 8 CFU/ml (OD 600 , 0.77) after 1 h, while a population containing 4.2 ϫ 10 7 CFU/ml (OD 600 , 0.86) was present at the end of the incubation period (data not shown). Under these experimental conditions, the bacteriocin exhibited a bactericidal mode of action.
Addition of macedocin did not influence the growth of L. paracasei subsp. paracasei LMG 13552 (Fig. 2) . After 5 h of incubation the viable cell count had increased from 1.2 ϫ 10 8 to 6.1 ϫ 10 8 CFU/ml for the control strain, while in the presence of the bacteriocin the cell count increased from 1.4 ϫ 10 8 to 5.7 ϫ 10 8 CFU/ml. The OD 600 of the cell suspensions increased by 2.2 and 2.3 absorbance units for the control and the treated cell suspension, respectively.
When the producer strain was grown in MRS medium in the presence of partially purified bacteriocin (400 AU/ml), a 10-fold reduction in the viable cell count, from 1.4 ϫ 10 8 to 8.4 ϫ 10 6 CFU/ml, was observed after 1 h of incubation at 37°C (Fig.  2) . Incubation for more than 1 h did not significantly change the number of viable cells of S. macedonicus ACA-DC 198. After 5 h of incubation the population level reached 1.9 ϫ 10 7 CFU/ml, indicating that there was slight regrowth of the producer strain. A similar effect was obtained with a bacteriocin activity of 800 AU/ml, except that no regrowth phase was observed (data not shown). The S. macedonicus population was reduced from 1.2 ϫ 10 7 to 7.5 ϫ 10 5 CFU/ml (OD 600 , 0.86) in 1 h, remained almost constant during further incubation, and reached a level of 4.0 ϫ 10 5 CFU/ml (OD 600 , 0.85) after 5 h. Under these conditions, the producer strain clearly displayed autoinhibition. This cannot be attributed to the presence of other end products, such as lactic acid. At the beginning and at the end of the incubation period, the cell-free culture supernatant of the control strain was assayed for antimicrobial activity by using S. macedonicus ACA-DC 198 as the indicator strain. No inhibition zones were observed, indicating that the growth inhibition was due to the presence of macedocin. The absorbance values for all treated cell suspensions T (c), and L. paracasei subsp. paracasei LMG 13552 (d). Symbols: E and F, log CFU per milliliter; { and }, OD 600 (MRS broth) or OD 480 (milk medium); F and }, medium supplemented with bacteriocin (400 AU/ml in MRS broth or 600 AU/ml in milk medium); E and {, medium without bacteriocin. remained constant during incubation in the presence of bacteriocin, indicating that there was no cell lysis. When S. macedonicus ACA-DC 198 was grown in the medium that was favorable for bacteriocin production (skim milk supplemented with yeast extract) and in the presence of partially purified bacteriocin (600 AU/ml), no autoinhibition was observed. The control strain as well as the strain in the presence of the macedocin reached the stationary phase after 6 h of incubation (Fig. 2) . At that time, the optical densities of the control suspension and the experimental suspension were 4.6 and 4.3 absorbance units, respectively, while the viable cell counts were 1.9 ϫ 10 9 and 1.5 ϫ 10 9 CFU/ml, respectively. In the inhibition assay, the bacteriocin activity (600 AU/ml) remained constant during the incubation period. For the control strain, no bacteriocin activity was observed at the beginning of the experiment, while an activity of 200 AU/ml was observed after 12 h of incubation.
Purification of the bacteriocin.
A combination of ammonium sulfate precipitation, anion-and cation-exchange chromatography, reverse-phase chromatography, and gel filtration was used for purification of the bacteriocin to homogeneity. The activity was not retained on the anion-exchange column at pH 7.5, while 0.48 M NaCl and 42.2% (vol/vol) acetonitrile were necessary for elution of the bacteriocin from the cationexchange column (pH 5.5) and the reverse-phase column, respectively. Finally, on the gel filtration column the bacteriocin eluted as a symmetrical peak. Purification was followed by SDS-PAGE for both high-and low-molecular weight proteins. The data for recovery and degree of purification are summarized in Table 3 .
Molecular weight determination. In the discontinuous Tricine-SDS-PAGE analysis the purified bacteriocin gave only one band, which corresponded to a molecular weight of approximately 2,500 (Fig. 3A) . In the postelectrophoretic detec- (Fig. 3B) . By using gel filtration chromatography on a Superdex peptide HR 10/30 column that was previously standardized with cytochrome c (molecular weight, 12,500), aprotinin (6,500), and substance P (1,348), a molecular weight of 550 was calculated.
Effects of pH, temperature, and enzymes on bacteriocin activity. Even after 1 week of incubation at 30°C at pH values ranging from 4 to 9, the purified bacteriocin from S. macedonicus ACA-DC 198 retained full activity. Additionally, the bacteriocin was found to be very stable to heat, as no loss of activity was observed after incubation for 1 h at 97°C or even after incubation for 20 min at 121°C with 1 atm of overpressure. Finally, storage for 4 weeks at Ϫ70, Ϫ20, 4, and 30°C did not affect bacteriocin activity.
Proteolytic enzymes, such as ␣-chymotrypsin, proteinase K, and protease (type VIII from Bacillus licheniformis), inactivated the purified bacteriocin after 1 h of incubation, while ficin inactivated the purified bacteriocin after 4 h. Treatment with renin and trypsin resulted in full inactivation only after 24 h. Of the proteolytic enzymes tested, only pepsin did not affect bacteriocin activity after 24 h of treatment.
N-terminal amino acid sequence determination and MS analysis. Edman degradation revealed an amino acid sequence stretch of 22 residues (Fig. 4) . Eight of these residues could not be identified (residues X). The reaction probably stopped after the 22nd cycle, because of the occurrence of modified amino acids, possibly dehydroalanine and dehydrobutyrine, which cannot be recognized by Edman sequencing. Subsequent protein homology searches showed that the sequenced residues are identical to the corresponding amino acids of the lantibiotics SA-FF22 (Fig. 4) and SA-M49, both of which were isolated from S. pyogenes strains (20, 21, 23) .
When the purified bacteriocin was analyzed by electrospray ionization MS in the positive mode, an average molecular mass of 2,794.76 Ϯ 0.42 Da was found (Fig. 5) . Mainly triple (m/z 932.8) and quadruple (m/z 699.8) protonated molecular ions were observed. The S. macedonicus ACA-DC 198 bacteriocin was further subjected to MS-MS analysis. Fragmentation of the triply charged ion (m/z 932.8) yielded relatively poor spectra with limited information. The lower-mass parts of the spectra showed mainly b series ions. This series corresponds to successive cleavage of the sequence from the N-terminal part (Fig. 6a) . The singly charged product ions, m/z 186.1, 300.2, 357.2, and 455, correspond to the sequence GKNGV, which is consistent with the bacteriocin N-terminal sequence obtained by the Edman degradation (Fig. 4) . Furthermore, high-mass fragments (Fig. 6b) indicate that there are some y fragments, which are cleavage products from the C-terminal part. Moreover, several peaks that are consistent with internal fragments due to double fragmentations were identified. These cleavages occurred after the Abu17, Trp18, Ala19, and Phe20 residues, combined with consecutive fragmentation of the newly appearing N termini after this fragmentation site (Abu is aminobutyric acid), which indicates the cross-link between Abu17 and Cys25 in the SA-FF22 molecule (cleavage after F20 [-L or . Overall, weak fragmentation was observed, probably due to the presence of strong intrachain linkages similar to those seen for peptides involving disulfide bridges.
DISCUSSION
When grown in milk supplemented with nitrogen sources, S. macedonicus ACA-DC 198 produced an antimicrobial compound with a rather broad antibacterial spectrum. Furthermore, the sensitivity of this compound to various proteolytic enzymes confirmed its proteinaceous nature. The data from the purification procedure suggest that the S. macedonicus ACA-DC 198 bacteriocin is a cationic and highly hydrophobic peptide. These are all common characteristics of many bacteriocins produced by LAB, particularly lantibiotics and class II bacteriocins (14, 27, 32) .
Initially, SDS-PAGE of the purified bacteriocin revealed a molecular weight of about 2,500. This was later confirmed by electrospray mass spectroscopy (2,794.76). Therefore, the much lower molecular weight estimated by gel filtration (550) was attributed to erratic chromatographic migration of the molecule. A similar discrepancy has been observed in the case of lacticin 481, which was explained by the hydrophobicity of the molecule and the presence of intramolecular thioether cross-linkages (46) . The low molecular weight of the S. mace- donicus ACA-DC 198 bacteriocin strengthened the hypothesis that it is a lantibiotic. Similar molecular weights have been reported for various lantibiotics isolated from streptococci; these molecular weights include 2,315 for salivaricin A (52), 2,795 for streptococcin SA-FF22 (23), and 2,263 to 3,245 for the mutacins (19, 37, 40, 47, 48) . The S. macedonicus ACA-DC 198 bacteriocin retains activity at a broad range of pHs and is very heat stable, since no activity was lost even under sterilization conditions. These findings correspond well with a lantibiotic structure, as it is well known that good pH and thermal stability go along with lowmolecular-weight proteins containing thioether bridges. Indeed, other lantibiotics isolated from various streptococci have similar features. Early studies of streptococcin SA-FF22 indicated that this lantibiotic is stable at acidic pHs but not at alkaline pHs (57) . Mutacin MT6223 is also stable at a pH range from 2 to 7 and is resistant to treatment at 100°C for 20 min; although it retains activity even after 3 months at 4°C or in a frozen state, it looses 50% of its activity after 4 weeks of storage at room temperature (31) . Finally, mutacin II was found to be stable and biologically active over a wide range of pH values (pH 4 to 10) or after heat treatment at 100°C for 30 min (40) .
The partial N-terminal amino acid sequence is identical to that of the lantibiotics SA-FF22 (Fig. 4) and SA-M49, both of which were isolated from pathogenic S. pyogenes strains (20, 21, 23) . The streptococcins SA-FF22 and SA-M49 both have a molecular weight of 2,794, and their amino acid sequences were deduced from the nucleotide sequences of the corresponding genes. For streptococcin SA-FF22, it was established that positions 8, 10, 13, and 17, which failed to yield amino acid signals during Edman sequencing, correspond to the positions of threonine, serine, cysteine, and threonine, respectively, suggesting that streptococcin SA-FF22 contains one lanthionine and two ␤-methyllanthionine residues. This was confirmed by chiral-phase gas chromatography (23) . The fact that Edman sequencing of the S. macedonicus bacteriocin gave no results for the same positions, while the rest of the amino acid sequence exhibited 100% homology with streptococcin SA-FF22, along with the MS data obtained in the present work, contributes to our final conclusion that the two molecules are identical.
Although S. macedonicus ACA-DC 198 grew well in all media tested, bacteriocin was produced only when the strain was grown in skim milk supplemented with nitrogen sources. The failure to recover active bacteriocin in some liquid media may have been due to specific deficiencies in the growth medium, to the concomitant synthesis of bacteriocin-inactivating substances, such as proteolytic enzymes, or to the cell-associated location of the bacteriocin under particular growth conditions. However, S. macedonicus ACA-DC 198 was previously found to be nonproteolytic (16) . Furthermore, in the present study no cell-associated bacteriocin activity was observed when the strain was grown in MRS medium, indicating that there was complete release of the bacteriocin into the extracellular environment. It is generally accepted that environmental conditions, such as growth medium, pH, and temperature, not only affect the amount of cells produced but also determine the bacteriocin production (29, 58, 64) . It has been reported that complex media, such as MRS medium, SM8, and TGE broth, are most effective for production of various bacteriocins (2, 6, 61) . However, it has been observed that some bacteriocinproducing LAB strains have a bacteriocin inhibitory effect on bacteria in milk as well (13, 17, 41, 50) . The enhanced bacteriocin production when S. macedonicus ACA-DC 198 is grown in a natural food such as milk makes the potential use of this strain as a protective culture in dairy products more challenging.
Like the production of many other bacteriocins, bacteriocin production by S. macedonicus ACA-DC 198 displays primary metabolite kinetics (8, 11, 43) . Since bacteriocin production is a growth-related process, good cell growth frequently goes hand in hand with production of high bacteriocin levels. Bacteriocin activity reaches a maximum level at the end of the logarithmic phase, while no loss of activity was observed during the stationary phase. Indeed, in general, the bacteriocin activity of LAB is maximal at the end of the exponential growth phase (8, 25, 35, 44) . On the other hand, a decrease in bacteriocin activity during the exponential and/or stationary growth phase of the producing microorganism has been reported as well. This has been attributed to several mechanisms, such as protein aggregation, proteolytic degradation by specific or nonspecific enzymes, and bacteriocin adsorption to the producer cells (8, 43, 44) . As mentioned above, this is not the case for the bacteriocin of S. macedonicus ACA-DC 198. Nevertheless, the stability of this compound in a real cheese environment still needs to be studied. However, results obtained in this study encourage the use of S. macedonicus ACA-DC 198 as protective starter culture in dairy fermentations.
Macedocin inhibits a broad spectrum of LAB, as well as several food spoilage and pathogenic bacteria. Its inhibitory effect seems to be species and/or strain dependent. It is generally accepted that bacteriocins produced by LAB kill phylogenetically closely related bacteria, even though many characterized bacteriocins concur with this definition. For instance, it has become apparent that some bacteriocins have a broad range, inhibiting many different species and/or genera (32) . Due to its broad inhibitory spectrum and its unique properties, nisin is the only bacteriocin used and approved for use in several foods worldwide (3). Remarkably, besides the extreme pH and heat stability of the S. macedonicus ACA-DC 198 bacteriocin and its high activity levels in milk through fermentation, another very interesting finding of this study is that C. tyrobutyricum is inhibited by this compound. As mentioned above, C. tyrobutyricum is responsible for so-called late blowing, which is a serious defect, especially in hard and semihard cheeses, like Kasseri cheese. On the other hand, S. macedonicus itself has been isolated from traditional Kasseri cheese, as part of the secondary cheese microflora (60) . Therefore, S. macedonicus can be considered an organism that is well adapted to the environment of this type of cheese. In this case, the use of S. macedonicus as an anticlostridium starter culture in Kasseri cheese seems to be a straightforward option. In the initial studies of SA-FF22 it was demonstrated that this bacteriocin is active against many strains of related streptococci and only certain gram-positive bacteria (57) . Bacteriocins of members of the mutans streptococcal group have been found to be active against other members of the mutans group, several gram-positive and gram-negative bacterial pathogens, including representative strains of Staphylococcus spp., Actinomyces spp., Clostridium spp., Neisseria spp., L. monocytogenes, and Helicobacter pylori (19, 31, 34, 38, 40) , and strains that are resistant to nisin and antibiotics such as vancomycin (37) . Finally, salivaricin A was also found to be active against M. luteus T-18 (52) .
Investigation of the effect of macedocin on the optical density of actively metabolizing cells of the susceptible indicator strain L. sakei subsp. sakei LMG 13558
T at 30°C indicated that in spite a slight decrease in the number of CFU, there was no apparent change in the optical density of the culture, and hence, the lethal effect was not accompanied by cell lysis. In this context, the activity of macedocin against the indicator strain L. sakei subsp. sakei LMG 13558
T can be considered bactericidal. Tagg et al. (58) observed a similar reduction in viable cell counts when streptocin A was added to resting cell suspensions of group A streptococcus strain PF 1643 incubated at 25 and 37°C, while the cell death induced was not associated with cell lysis. In that case, the temperature of incubation had a marked effect on the bactericidal action, with less killing occurring at a lower temperature. It is generally accepted that bacteriocin-induced cell death occurs in a concentration-and time-dependent manner (14) . Not only the inhibitor concentration but also factors related to the target cell and the cell environment influence the effectiveness of a bacteriocin (14, 32) . Mørtvedt-Abildgaard et al. (36) reported that the action of lactocin S, a lantibiotic produced by L. sakei L45, is strongly pH dependent and affects the target organism only at pH values below 6. Nisin delays the growth of L. monocytogenes at 8°C but has bacteriostatic activity at 4°C (12) .
Although specific immunity proteins and a secondary ABC transporter system are assumed to protect the producer strain against the inhibitory action of its own product (32), autoinhibition of S. macedonicus ACA-DC 198 was noticed when the strain was grown in MRS broth, in which S. macedonicus ACA-DC 198 is actually not able to produce macedocin. In contrast, when the producer strain was grown in milk supplemented with yeast extract, a medium that favors macedocin production, no autoinhibition was observed. Autoantagonism was also described for strains of the Bacteroides fragilis group (15) and Fusobacterium spp. (42) . In particular, incomplete immunity to homologous bacteriocin has been reported previously for the streptococcin producer strain S. pyogenes FF22 (57, 58) . According to McLaughlin et al. (33) , the multimeric ABC transporter complex could not keep the lantibiotic concentration below the critical level, which is necessary to form pores in the cytoplasmic membrane. Furthermore, these authors demonstrated that expression of the immunity genes requires the presence of a two-component regulatory system, which is in turn activated by an environmental signal factor (33) . In the case of S. macedonicus ACA-DC 198, the lack of autoinhibition when the producer strain was grown in a medium suitable for bacteriocin production may indicate that expression of the immunity genes takes place during transcription of the biosynthetic genes. The latter is probably activated by a regulatory system, as described above. The nitrogen supplement may contain the signal factor for activation of the regulatory system.
In conclusion, S. macedonicus ACA-DC 198 produces a lantibiotic which was characterized in this study. The molecule was found to be identical to the streptococcins SA-FF22 and SA-M49 produced by S. pyogenes. S. pyogenes belongs to the group A streptococci, which are important human pathogens that produce numerous virulence factors, such as hemolysins (streptolysins O and S), erythrogenic toxins, and pyrogenic exotoxins (45) . On the other hand, S. macedonicus is a foodgrade microorganism, isolated from cheese, which does not exhibit potential pathogenicity traits. Therefore, we suggest that the bacteriocin from S. macedonicus ACA-DC 198 should be designated macedocin, according to the rule proposed by de Vos et al. (5) (i.e., a bacteriocin should be named after the species name of its producer and not after the genus name since several species belonging to the same genus often produce different bacteriocins). Moreover, the proposed name is necessary to clearly distinguish the food-grade S. macedonicus bacteriocin from the S. pyogenes bacteriocins that are not food grade. This is considered necessary to avoid further confusion regarding food legislation and consumer awareness when food applications of macedocin come up. The need for expanded and legal use of bacteriocins in foods is obvious, especially in light of consumers' demands for safe and minimally processed foods that have adequate shelf life and are convenient and the global need for increasing the supply of healthy and safe foods. On the other hand, problems concerning low production levels and the instability of bacteriocins in certain food environments still need to be addressed. However, it is generally accepted that using bacteriocin-producing cultures in food has considerable advantages over using purified bacteriocin preparations. The use of purified bacteriocin preparations requires extensive and costly purification schemes and toxicology tests and may project an image of nonnatural additives (for instance, with respect to the concentrations used). Thus, the use of S. macedonicus as a protective starter culture in food fermentations seems to be a straightforward option.
